Late Quaternary rates of apparent soil production, bedrock incision, and average erosion are determined for the southeastern highlands of Australia using in situ produced cosmogenic nuclide concentrations of 10 Be and 26 Al. Apparent soil production rates define a steep, inverse exponential function of soil depth with a maximum of 143 m Ma À1 under zero soil depth. There were no observed soil depths between about 25 cm and zero, however, such that the maximum observed rate is about 50 m Ma
Introduction
Landscape evolution depends on the balances between uplift, the processes that remove sediment from the landscape, and the material properties of the landscape. If tectonic uplift did not replace the eroded landscape monotonically, then the declining relief model of Davis (1899) would hold and the landscape would essentially wear down to a broad peneplain. If, however, all parts of the landscape eroded at the same rate, equal to the uplift of the region, then the dynamic equilibrium theory of the landscape as first articulated by Gilbert (1877 Gilbert ( , 1909 and then Hack (1960) would be applicable and landscape morphology would be time-independent. These theories are likely to represent end members for the spectrum of actual conditions of landscape evolution, where climate and tectonic forces acting over a range of temporal and spatial scales drive erosional processes. Furthermore, landscapes evolve into forms that reflect the variable properties of the underlying bedrock that may contribute to local disequilibrium in erosion rates.
Irrespective of where on the landscape evolution spectrum any given landscape lies, two of the fundamental parameters defining the rate of landscape evolution are the conversion rates of bedrock to removable material (soil production) and the rates of removal of the material. In bedrock landscapes the rates are identical and the landscape is weathering-limited (Carson and Kirkby, 1972) . On soil mantled, hilly landscapes the rates can be equal if the local soil thickness does not change with time. The pace of landscape change thus depends on the erosion rates imposed on the landscape, which depend on local *Corresponding author. Tel.: +1-603-646-2374; fax: +1-603-646-3922 .
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conditions such as vegetation, burrowing animals, precipitation, and temperature. Under these conditions, the rate of change is transport-limited (Carson and Kirkby, 1972) , and to remain soil mantled landscapes must be producing soil at rates at least equal to the erosion rates. Hillslope erosion rates are typically driven by the incision rates of the rivers or streams into the landscape, which are in turn dependent on the tectonic uplift and the climate of the region. Soil production rates therefore help set the landscape lowering rates and can determine how soil mantled landscapes respond to the changes in the erosion rates (Heimsath et al., 1997 (Heimsath et al., , 1999 ). This paper tackles two areas of continuing debate in Australian Quaternary Studies. The first examines the rates of denudation of a site in the southeastern highlands; the second examines geomorphic processes responsible for these rates. Specifically, we report cosmogenic nuclide concentrations ( 10 Be and 26 Al) from a variety of samples to determine apparent soil production, bedrock tor erosion, river incision, and catchment-averaged erosion rates from a field site in the southeastern highlands of New South Wales (NSW). We couple these measurements with a numerical model which predicts nuclide concentrations for the profile of emergent tors, as well as with detailed topographic and soil thickness measurements, to examine the nature and timing of the hillslope erosion processes. We use field data together with the tor model and a model that predicts soil thickness to test the hypothesis of Butler (1959 Butler ( , 1967 that changing climates of the Pleistocene in southeast Australia led to cyclic episodes of soil stripping and regeneration. Our results from the southeastern highlands are consistent with there being one or more pulses of increased incision into the landscape, leading to rapid removal of weathered bedrock. Finally, these results are compared to measurements (Heimsath et al., in press) from the base of the passive margin escarpment, which separates the southeastern highlands from the coastal lowlands, to suggest differences in the landscape evolution between the two sites.
Southeastern Australia setting
Southeastern Australia has been the subject of continued debate over the timing, nature, and extent of denudation and landscape evolution. Evolution of the present topography may have been initiated by rifting between the Australian continent and the Lord Howe Rise 85-100 million years ago (Hayes and Ringis, 1973; Weissel and Hayes, 1977; Ollier, 1982; Wellman, 1987; Gilchrist and Summerfield, 1990; Seidl et al., 1996; O'Sullivan et al., 1999) . The highland region of relatively low-relief is considered to have been subject to relatively slow erosion (B10 m Myr À1 ) (Ollier, 1978; Bishop, 1985; Bishop et al., 1985; Pain, 1985; Wellman, 1987; Bishop and Brown, 1992; Nott, 1992) . This is separated from the coastal belt by what is commonly referred to as the Great Escarpment (Ollier, 1982 (Ollier, , 1985 . Fission track ages from the coastal region suggest higher denudation rates, on the order of 20 m Myr À1 (Moore et al., 1986; Dumitru et al., 1991; van der Beek and Braun, 1998) .
Long-term rates may have changed in Pleistocene times. On the basis of soil stratigraphy, Butler (1959 Butler ( , 1967 considered that erosional processes in the southeastern highlands alternated between periods of landscape stability and instability, in response to cyclical climatic changes. While Butler's soil stratigraphic scheme has been questioned (e.g. Bowler, 1967) , field evidence indicates that erosion across the highlands was episodic. Studies of buried and relic geomorphic surfaces have shown how rates and processes have changed in pulses, but have also shown that they can occur without climate changes (e.g. van Dijk, 1959; Walker, 1962; Coventry and Walker, 1977; Prosser et al., 1994) . It has also been shown that periglacial processes, thought to be more erosive than processes under milder climates, occurred in the southeastern highlands during the last glacial cycle (Galloway, 1965; Caine and Jennings, 1968; Costin and Polach, 1971; Costin, 1972) , and presumably similar processes were active in previous glacial periods.
Field site
The work presented here is based on a typical upland site in the southeastern highlands (Fig. 1) . Frogs Hollow (FH) is at an elevation of 930 m, 80 km south-southeast of Canberra, 75 km from the coast, and about 12 km west of the escarpment. Bedrock varies across the region between Ordovician metasediments and Devonian granites ( Fig. 1) (Richardson, 1976) . With the exception of granitic tors, the surface morphology of the plateau regions of the highlands is similar across bedrock types and is characterized by low relief hillslopes (roughly less than 100 m) that are gently sloping (less than 251) and are thinly soil mantled. There are also dissected ranges of higher relief separating such highlands which are not examined here. The climate is relatively cool, averaging about 18-221C in summer and 5-81C in winter, with short periods of freezing temperatures and snow occurring in winter. Rainfall is not seasonal and, with the exception of drought periods, averages between 550 and 750 mm/yr (Bureau of Meteorology, 1999) . Forest cover, where it occurs, is typically dry schlerophyll, with very little understory. Land clearing for farming has produced widespread grassland and rolling savanna woodland.
Soil production and erosion appear to be primarily due to biogenic processes and creep, although there is evidence of overland flow. Drier and colder climates of the Pleistocene may have reduced the rate of bioturbation, but rates and processes of cryoturbation would have increased. Burrowing wombats are the most obvious cause of bioturbation today and occupy all parts of the landscape except where soil thickness is less than about 30 cm. Other factors include burrowing echidnas, soil-scraping lyrebirds, tree throw, and microfauna such as worms (see Paton et al., 1995 for review) . Overland flow was indicated by sediment deposited behind sticks and shallow scour downslope of trees and tors. The absence of rilling on the hillslopes and occurrence of wash deposits in the hollows suggested that rainwash may not be a dominant factor in the sediment transport on the site today.
The undulating hills of FH are punctuated by tors, standing up to 3 m above the ground surface (Figs. 1 and 2), similar to bedrock tors in other saprolitic granite landscapes described by Linton (1955) , Twidale (1985) , and Williams et al. (1986) . The weathered nature of the soil-mantled saprolite is exposed in local road-cuts, which also reveal granite core-stones, some of which are likely to emerge in the future as tors. The soil mantle appears universally thin (o1 m) throughout the region on divergent ridges. Unchanneled mid-slope hollows typically have fills less than 2 m thick, whereas Prosser et al. (1994) report relatively thick valley fills (>5 m in places) from a nearby area in metasediment bedrock.
Base level at FH is set by the Bredbo River, a tributary to the Murrimbidgee River. The catchment has Prosser et al. (1994) . (a) Photograph of the site looking north from the south side of the Bredbo River. Tors A an B and the arrow to the tor profile help locate the features on the photograph on the shaded relief map of the site, (b), which shows the spatial distribution of the FH nuclide samples (Table 1) . Contour data for (b) are from (a) from our laser total station survey and are drawn at 1 m intervals, from 910 m elevation at the catchment mouth at the bottom of the page to 947 m at the catchment boundary near the top of the page. a local relief of B30 m and drains to a relatively flat reach between two knickpoints on the Bredbo River (Fig. 1 ). Both knickpoints occur in granite, apparently no different from that found elsewhere in the Bredbo River channel, and the upper knickpoint occurs at the same distance upstream of FH in two roughly equal tributaries. Together, these observations suggest that the knickpoints are propagating upstream rather than being fixed reaches over more resistant rock.
Theory
Here we apply the theory developed initially in northern California (Heimsath et al., 1997 (Heimsath et al., , 1999 and subsequently expanded to include an important test for steady-state landscape lowering using outcropping granite tors (Heimsath et al., in press ). This conceptual framework is reviewed briefly here.
Cosmogenic nuclides
Our geomorphologic rate determinations here are based on concentrations of the cosmogenic nuclides, 10 Be and 26 Al, produced in situ in bedrock, saprolite, and river or catchment sediments (see reviews in Lal, 1991; Nishiizumi et al., 1993; Bierman, 1994; Cerling and Craig, 1994; Bierman and Steig, 1996) . Nuclide concentrations measured from quartz have been shown to reflect the exposure history of the sample and are dependent on the production and decay rates of the nuclide, as well as the erosion rate of the sample (Lal and Arnold, 1985; Nishiizumi et al., 1986; Lal, 1988; Nishiizumi et al., 1991) . As shown by Lal (1991) , and neglecting muon effects, the nuclide concentration, C; depends on the production of the nuclide as an exponential depth ðz x Þ function of the surface production rate, P 0 ; and its radioactive decay constant, l; dC dt
where m is the absorption coefficient (equal to material density divided by the mean attenuation length for cosmic rays, L; where LB165 g cm À2 ), and l ¼ ln2=t 1=2 ; where t 1=2 ¼ 1:5 Â 10 6 yr for 10 Be and t 1=2 ¼ 7:01 Â10 5 yr for 26 Al). If erosion (e, normal to the surface of exposed bedrock, e r ; and to the soil-saprolite interface, e s ) is assumed to be constant over the exposure history of the sample, Eq. (1) can be solved analytically (Lal, 1991) , giving
at secular equilibrium, when tbðl þ meÞ À1 ; where PðH; yÞ is the nuclide production rate (atom g À1 yr À1 ) at the soil-bedrock boundary under slope-normal soil depth, H; and on a surface with slope, y; and C 0 is the initial concentration of the nuclide. PðH; yÞ is calculated as a factor of the surface nuclide production rates (Dunne et al., 1999) , discussed above. Under steady state conditions, soil production, e s ; equals erosion, e; at the surface which is also equal to the rate of lowering of the soil-saprolite interface. Eq. (2) can therefore be solved to yield steady-state soil production or erosion rates. Nuclide concentration accumulated in river or catchment sediments can be interpreted by Eq. (2) to infer catchmentaveraged steady-state erosion rates assuming relatively short transport times and relatively homogeneous catchment lithology (e.g. Bierman and Steig, 1996) .
Soil production, transport, and topography
The conceptual framework of Dietrich et al. (1995) was developed by Heimsath et al. (1997 Heimsath et al. ( , 1999 to examine the relationship between soil production, topographic curvature and soil thickness. The continuity equation for a vertical column of soil, h, neglecting mass loss to solution, is
where the vertical lowering rate of the soil-bedrock boundary, Àqz b =qt; at any point on the landscape is equivalent to the slope-normal soil production rate, eðHÞ; times the secant of the slope angle, y (for moderate slopes secðyÞB1) (Heimsath et al., 1997, in press) . When sediment transport is by creep such that the transport flux is proportional to slope, * q s ¼ Àr s Krz; as proposed initially by Davis (1892) and Gilbert (1909) , and assuming that soil thickness at any point is constant (i.e. qh=qt ¼ 0) then Eq. (3) reduces to a simple relationship between soil production and topographic curvature
where K is a diffusion coefficient with dimensions L 2 T À1 ; z is the ground surface elevation, and eðhÞ is the soil production rate. Bulk densities of soil and rock, respectively, are r s and r r :
Modeling soil depth variation
To test the hypothesis that observed soil depths could have developed since potential stripping events due to Pleistocene increases in sediment transport rates, we applied the model proposed by Dietrich et al. (1995) to predict soil depth across the surveyed area under very simple conditions. The model solves Eq. (3) by finite differences such that the soil production and sediment flux rates adjust at every time step as functions of the local soil depth and surface topography. The soil production function used in the model is determined from nuclide concentrations in the eroding saprolite. For comparison we also used the soil production function determined from the Bega Valley field site of Heimsath et al. (in press ). Diffusivity, K; was estimated to be 40 cm 2 yr À1 at that field site by Heimsath et al. (in press) and is used here because biogenic processes in the two areas are similar. The model procedure followed Heimsath et al. (1999) with tors added as an initial condition. The model specifies the initial soil depth across the current landsurface, and we added discrete blocks defining the locations of the observed tors (Fig. 4) , which are set to erode with an order of magnitude lower rate than the surrounding saprolite under zero soil depth. Sediment at the lower boundary of the model was removed automatically to simulate removal of material by the Bredbo River. Soil depths predicted by the model are compared to soil depths measured at each of the filled circles shown in Fig. 3 .
Tor erosion rates: a test of steady state
We used a numerical model that predicts nuclide concentrations on emergent tor profiles as a function of the exhumation history (Heimsath et al., in press) (Fig. 4) . Specifically, Eq. (1) is integrated numerically using standard Runge Kutta methods with z x ðtÞ substituted for z x to represent a given erosion history. Two patterns of tor exposure history are considered: (I) a steady-state model where the rates of ground surface lowering, e s ; and tor erosion, e r ; are held constant while the more slowly eroding tor emerges from the lowering soil-mantled landscape; (II) an episodic model where initial steady-state erosion prior to tor emergence ðe s ¼ e r Þ is followed by a period of ''stripping'' that rapidly exposes the entire tor surface that erodes at rate, e r ; once . A model for tor emergence where the tor is eroding uniformly from all sides at rate, e r ; and the ground surface is lowering at a constant rate, e s : The dashed line surrounding the aboveground tor illustrates only the erosion of the tor surface since emergence from the ground; for modeling the accumulation of nuclides in the tor surfaces, the weathering rate below ground is equivalent to the soil production rate. Modified from Heimsath et al. (in press).
exposed. Predicted nuclide concentrations are compared to concentrations measured from a tor profile at the ridge crest of FH (Figs. 1 and 2) and both predicted and observed concentrations are corrected for the shielding and slope of the tor.
Methods

Cosmogenic nuclides
Soil pits across the full range of observed soil thickness were used to collect samples from the soilsaprolite boundary, and each sample was taken from the top 5 cm of the continuous layer of saprolite. Bulk densities of the saprolite and the overlying soil at each site were measured with a known volume cylindrical corer. Soil thickness was constant within each pit and was measured normal to the slope. Samples of channel sand were collected from the Bredbo River, immediately downstream of the study area, and from the study catchment mouth (point 20 on Fig. 1a ) to estimate the average erosion rate from the catchment areas upstream of the sampling sites (e.g. Bierman and Steig, 1996) . Fluvially sculpted bedrock flutes in the present Bredbo River channel and bedrock surfaces obviously eroded by the current river were sampled to infer bedrock incision rates for the river. Shielding from the shallow, or absent water was assumed to be negligible.
Bedrock samples were collected from tor surfaces. We sampled a single tor at a range of heights above the ground surface, from 0.1 to 2.5 m, (''profile'' on Fig. 1b , and shown by Fig. 2) , and we sampled the tops of 5 other tors at different heights above the ground surface (located by sample numbers on Fig. 1b and listed in Table 1 ).
Roughly 300 g of bedrock, saprolite, or sediment from each sample were crushed, sieved to separate particles less than 1 mm size, and chemically purified following the procedure of Kohl and Nishiizumi (1992) to yield about 50 g of quartz from which Be and Al were extracted. Samples for 10 Be measurement were spiked with a 9 Be carrier solution calibrated by a Be atomic absorption standard that differed by less than 2% from the Be carrier used for the Nishiizumi et al. (1989) analyses. We measured concentrations of 10 Be and 26 Al at the LLNL-CAMS facility (Davis et al., 1990) and standardized the measurements to the ICN (ICN Biomedical, Inc.) 10 Be and the NBS (National Bureau of Standards, presently the National Institute of Standards and Technology, NIST) 26 Al standards. Production rates for 10 Be and 26 Al in quartz were based on the sea level and high latitude production rates of 6 and 36.8 atoms g À1 yr À1 respectively (Nishiizumi et al., 1989) , and were corrected for latitude and altitude effects (Lal, 1991) as well as for the slope and shielding of the sample (Nishiizumi et al., 1989; Dunne et al., 1999; Masarik et al., 2000) . These production rates were used for consistency with previous reports of erosion rates or exposure ages, despite the growing debate over production rates (e.g. Clark et al., 1995; Nishiizumi et al., 1996; Stone et al., 1998a; Dunai, 2000) and the potential contribution of muons to nuclide concentrations under moderate and high erosion rates (e.g. Brown et al., 1995; Stone et al., 1998b; Granger and Smith, in press ).
The apparent rates of erosion or soil production were calculated using Eq. (2) from both 10 Be and 26 Al concentrations assuming the initial nuclide concentration was zero (Table 1) (Heimsath et al., 1997 (Heimsath et al., , 1999 Small et al., 1999) . We correct the production rates for both 10 Be and 26 Al for the observed slope and shielding of every sample, including those taken from the tor surfaces (Dunne et al., 1999) , and the correction factors used are in Table 1 .
Soil production from morphometry
To test the relationship between soil depth and slope curvature (a proxy for soil production by Eq. (4)), we surveyed the catchment area (Fig. 1b) at a high resolution (B3 m) with additional survey points taken on the emergent tors, and used the methods described in Heimsath et al. (1999) to calculate topographic curvature by gridding the digital elevation data (by Kriging (Cressie, 1991), using Surfer s software) and using the eight nearest elevation values. Soil depth was measured normal to the ground surface in 100 soil pits dug past the soil-saprolite interface.
Results
Apparent soil production rates
Results from five samples of saprolite under different depths of soil are reported here for both 10 Be and 26 Al ( Table 1 ). Assuming that the soil depth is in steady state, these define an apparent soil production function for FH. Measured nuclide concentrations were corrected for observed soil depths, and erosion rates, calculated by Eq. (2), define a steep exponential decline of apparent soil production rates with increasing soil depth (Fig. 5) . The variance-weighted best fit to these points is
where the soil production rate, eðHÞ; is the vertical lowering rate in Table 1 times the cosine of the slope angle and is in m Myr À1 ; H is in cm. Two additional samples from exposed bedrock samples at the ground surface, assumed to be incipient tors, indicate hard-rock erosion rates from the ground (Dunne et al., 1999) . Be concentrations from sea level production rates of 36.8 and 6 atoms g À1 yr À1 (Lal, 1991; Nishiizumi et al., 1989) . surface. The erosion rates determined from these samples are plotted as zero depth samples shown by the black diamonds (Fig. 5) . These results are not simple erosion rates for the exposed bedrock, however, because progressive thinning of the soil mantle must have preceded the current exposure (see discussion).
Tor erosion and emergence
Concentrations of 10
Be and 26 Al from a tor profile from 0.1 to 2.5 m above the ground surface (Fig. 2) show little variation with height (Fig. 6) , which is distinctly different from results from a 2.5 m tor at the escarpment base in the Bega Valley (Heimsath et al., in press ).
There, the nuclide concentration increased upwards from the ground surface (dashed line in Fig. 6 ) and was consistent with the assumption that erosion rates for the tor and ground surface have been constant. Best-fit and soil depth is in cm. Black diamonds plotted at zero depth are exposed bedrock samples at the ground surface, inferred to be emerging core stones. Error bars show 1 s error propagated from all sources or error (uncertainty in atomic absorption (AA), accelerator mass spectrometry (AMS), bulk density and soil depth measurements, and the attenuation length of the cosmic rays) except the uncertainty in nuclide production rates. Rates plotted to the right of the soil depth axis show average erosion rates from (1) sediments from the FH catchment area (gray star, labeled C); (2) sediments from the Bredbo River upstream of FH (gray triangle, labeled Riv); and, (3) the bedrock incision rates of the Bredbo (4) samples, gray open diamonds, labeled BRK). See Table 1 for values. Table 1 ), but the fact that there is no up-profile variation suggests that the tor was rapidly exposed and has since been eroding uniformly from all directions. The timing of this stripping is discussed later.
Erosion rates inferred from nuclide concentrations from the tops of other tors (locations shown in Fig. 1b) are shown by the gray triangles in Fig. 7 . The rates for FH-1 and 8 are similar to the tor profile set, but FH-2 and 7 are significantly higher. FH-2 and 7 are from two of the highest tors in the study area, which were visibly more weathered than the other tor samples, being reddened and pocked with small cavities where feldspars and quartz had fallen out, and sufficiently weakened that the samples were easily removed. In contrast, the profile tor together with FH-1 and 8, were hard, with smooth surfaces from which it was very difficult to remove samples. FH-4 was a tor on a side slope and may have been exhumed recently from the surrounding saprolite, thus giving a higher apparent erosion rate.
Curvature and soil depth
We calculated topographic curvature across the field area (Fig. 1b) from the surveyed digital elevation data using a 5 m grid scale (see Heimsath et al., 1999 for detailed methods), and mapped the interpolated values on Fig. 8 to show its spatial variation and therefore the potential variation for soil production rates as defined by Eq. (4). Soil depth measured in 100 pits (pit locations shown in Fig. 3 ) is correlated with curvature ( Fig. 9) although the data show considerable scatter, especially in the divergent region (convex-up spurs). Scatter may arise because the range of soil depths is small, and because tors affect local curvature and soil transport. Despite these complications, and the differences in climate, comparison with data from the upper Bega Valley at the base of the escarpment (Heimsath et al., in press) shows good agreement (dashed line in Fig. 9 ). This result supports the assumption that soil moves downhill by diffusion-like processes, and thus supports (Table 1) . Filled circles show rates from the tor profile site (Figs. 2 and 6 ), while the gray triangles are rates from the tops of other tors, all located on the site map, Fig. 1b , with their FH sample number. The two highest tors were observed to be the most highly weathered of the tor samples. Apparent erosion rates from two exposed bedrock samples, flush with the ground surface and assumed to be incipient tors, are plotted with the black diamonds (FH-3 and 10). Error bars of the profile tor are subsumed in the symbol. the usage of Eq. (3) as a basis for modeling soil thickness in relation to topography.
Predicted soil thickness
We used the numerical model outlined in Section 4.3, based on Eq. (3), to predict spatial variation of soil depth and the emergence of tors across the landscape. Results are shown here for a model run starting with zero initial soil depth, using Eq. (5) for the soil production function, and a diffusivity, K ¼ 40 cm 2 yr
À1
from Heimsath et al. (in press ). Predicted depths after 10,000 years ( Fig. 10 ) agree reasonably well with observed depths (Fig. 11) . The predicted depths were shallower than observed prior to 10,000 years and became progressively thicker than the observed until the model reached steady-state depths at about 20,000 years. This procedure is, however, contrary to the steady-state assumption used to calculate the soil production rates in Fig. 5 and resulting in Eq. (5) (i.e. local soil depth changes with time). Recalculating soil production rates with soil depth increasing, as in this model, leads to reduced rates inferred for soil production. Logically, the two procedures could be iterated to yield best-fit estimates of a soil production function and of soil depth variation that are likely to converge. The assumed depth and rate of Late Pleistocene soil stripping will, however, affect any such solution. The tor data, presented above, indicate that stripping occurred at least at some sites, which would also lead to overestimation of soil production rates. Thus, the apparent soil production data (Eq. (5)) can be adopted as an interim upper estimate of a soil production function for FH, but is examined further, in the discussion section.
Stream incision and average erosion rates
Concentrations of both 10 Be and 26 Al from three samples of the polished bedrock bed of the Bredbo River yield a consistent set of erosion rates using the solution to Eq. (2): 8. 870.6, 8.770.6, and 9.570 .7 m Myr À1 (BRK on Fig. 5 ; Table 1 ). A sample from a tor approximately 5 m uphill from the river yielded an erosion rate of 12.5 m Myr À1 , which is somewhat higher than the rates inferred from the riverbed samples and may reflect the subaerial weathering of the tor. The three samples from the current bed of the Bredbo River yield an average erosion rate of 971 m Myr À1 . We interpret this rate as the average bedrock downcutting rate of the Fig. 9 . Negative topographic curvature as plotted in Fig. 8 plotted against the measured normal soil depth from separate soil pits at each of the points shown by the filled circles on Fig. 4 . The absence of observed depths between exposed rock and about 25 cm is real. The dashed gray line is not a fit to these data, but shows instead the fit to the data from Heimsath et al. (in press ) from a field site at the base of the escarpment. river based on the absence of other processes (e.g. debris flows) eroding the bedrock bed. Catchment average erosion rates, estimated from radionuclide analyses of river sand, were 1571 and 1671 m Myr À1 , from the Bredbo River (Riv) and from the surveyed basin ðCÞ respectively (Fig. 5) . These average erosion rates are higher than the inferred bedrock incision rate of the Bredbo River and are lower than the highest apparent soil production rates. The latter are, however, likely to be higher than the actual rates (Section 6.4, above), whereas the sand samples, having passed through the entire denudation cycle, are less affected by departures from steady state and thus give more robust estimates of average erosion rate.
Discussion and conclusions
We have applied several different analyses to deduce the rates and potential processes of erosion at the FH field site. Morphometric measurements determined that a simple creep law for sediment transport is an appropriate one to use as a basis for modeling the evolution of the landscape. This modeling relied on soil production and tor erosion rates inferred from cosmogenic nuclide measurements, and led to predicting the effect of corestones as incipient tors on the spatial variation of soil depth across the landscape. Nuclidebased rates were determined from saprolite beneath the soil mantle, emergent tor surfaces, bedrock in the current river channel, and sediment samples. Every sample yields a rate related to the others and here we discuss some of these couplings to draw conclusions applicable for the southeastern highlands. We first discuss the potential non-steady-state scenarios suggested by our analyses, then suggest what our best estimates for the erosion rates are and how they relate to the way the southeastern highlands have evolved over the Late Quaternary.
Departures from steady state: (I) tors
Whether or not the field evidence reported by other workers for episodic processes (e.g. van Dijk, 1959; Walker, 1962; Coventry and Walker, 1977; Prosser et al., 1994) can be correlated with regional events in the manner proposed by Butler (1959) is not critical to interpreting the data reported here. Geomorphic processes active on hillslopes are dependent on the biota of the region and the climate, and it is likely that the lower temperatures of the glacial cycles (by 6-91C, Galloway, 1965; Caine and Jennings, 1968) led to treeless subalpine conditions and periglacial slope processes on the southeastern highlands. It has not been demonstrated unequivocally that such conditions necessarily mean higher erosion rates, or more variable processes across the highlands, but the interpretation of our nuclide samples from a tor profiles indicate that at least one episode of rapid erosion occurred.
The results from nuclide analyses of stream and catchment sediments indicate that the average denudation rate for FH is about 15 m Myr À1 . Nuclide measurements from saprolite suggest that soil production rates decrease exponentially with soil thickness and range from about 10 to 100 m Myr À1 , depending on the overlying soil thickness. Conversely, the nuclide concentrations from tors, other than highly weathered examples, yield bare rock erosion rates of less than 4 m Myr À1 . In a steady-state scenario, there is no incompatibility between low rates of tor erosion and more rapid rates of soil production; tors emerge because they erode more slowly and then eventually split or exfoliate to ultimately disintegrate. However, in several respects these results are incompatible with the assumption that erosion and soil production have been in steady state.
Perhaps the most obvious evidence against steady state is seen in the tor profile data, where the observed near-uniform nuclide concentrations depart conspicuously from a concentration profile expected under steady-state conditions (Fig. 6) . The dashed line indicates the expected nuclide concentration profile if the ground surface were lowering at a constant rate and if the tor surface began eroding at a much slower rate as it emerged progressively from the ground. Instead, observed nuclide concentrations are roughly equal for the entire profile. The simplest explanation for this departure of the observed concentration profile from the predicted, and one supported by model calculations, is that rapid emergence of the entire tor was followed by a period of no further lowering of the ground surface. Roughly equal nuclide concentrations indicate roughly equal exposure ages if the tor surface erodes at the same rate everywhere once exposed. Field observations show no signs of exfoliation sheets or discontinuities in the exposed bedrock and suggest that the sampled surfaces have eroded at similar rates.
The effective exposure ages of the profile samples can indicate the time elapsed since rapid exhumation if the tor surface has not eroded (effective exposure age is the time to accumulate the observed nuclide concentrations in a surface sample with negligible erosion and roughly equals the observed concentration divided by the nuclide production rate if the radioactive decay rate is neglected: Lal, 1991) . If the rock surface is eroding, as it inevitably must be, the time taken to accumulate observed nuclide concentrations is longer. Exposure ages of these samples (Table 1) suggest that rapid exhumation of the tor profile occurred about 150,000 years ago. Revisions in the nuclide production rates are, however, likely to reduce the nuclide production rates we used (e.g. Clark et al., 1995; Nishiizumi et al., 1996; Stone et al., 1998a; Dunai, 2000) , which would increase this effective exposure age, although this may be offset by the increased nuclide production by muons (e.g. Stone et al., 1998a) .
Despite these factors, we can place better limits on the time since exhumation, and on the rates of both soil denudation prior to exhumation and tor erosion since exhumation, by numerical modeling as outlined in Section 4.4 and illustrated by Fig. 3 . By modeling various scenarios for tor emergence (i.e. different pre and post-exhumation erosion rates as well as different times for the onset of exhumation) we found that the observed nuclide concentrations of the tor profile could only be generated if a period of rapid exhumation occurred more than 150,000 years ago with very low rates of both prior denudation and post-exhumation tor erosion (o1 m Myr À1 ). If higher tor erosion rates were used in the model then the time since the onset of exhumation necessary to generate the observed concentrations becomes longer; e.g., rates of 2 m Myr À1 require exhumation 250,000 years ago, to reproduce the observed concentrations.
This result for the tor profile does not imply that all tors were exhumed at the same time. Apparent exposure ages (Table 1) suggest that exhumation of the measured tors and ground-level rock exposure occurred at various times between about 20,000 and 160,000 years ago. As with the tor profile, the actual exhumation times will be greater and will depend on pre and post exhumation erosion rates. The results also do not imply that tor emergence is an indicator of past periods of episodic exhumation. An example from the coastal lowlands measured concentrations that supported a steady-state emergence model for the tor (Heimsath et al., in press ). However, because of the nearly equal nuclide concentrations from the tor profile measured at FH it appears undeniable that one or more episodes of tor exhumation under accelerated erosion occurred in the last 300,000 years.
Departures from steady state: (II) soil production
A phase of rapid denudation (or ''stripping'') is contrary to the steady state assumption used to determine soil production rates, and rates calculated by Eq. (5) will be too high. For example, if two meters of stripping from 30 to 20,000 years ago was preceded and followed by actual erosion rates of 10 m Myr À1 , the nuclide concentrations observed at today's ground surface would suggest an apparent rate of nearly 30 m Myr À1 . Such discrepancies decrease as the time since stripping increases. If the major stripping episode was at or before 150,000 years ago, as the tor profile data suggest, then the effect on our soil production rates (Fig. 5) is negligible.
Several features of the data suggest that our apparent soil production rates are too high, however. Eq. (5) yields a rate of 143 m Myr À1 when soil cover is zero, which is more than double the intercept of 53 m Myr
À1
for the better-defined production function determined by Heimsath et al. (in press) at their Bega Valley site (Fig. 12) , and is much higher than apparent rates for any samples measured from FH ( Fig. 5 and Table 1 ). The apparent soil production rates in Fig. 5 also lead to higher than observed apparent denudation rates for bedrock at ground surface. The apparent rates observed for exposures FH-3 and 10 (19 and 26 m Myr À1 , respectively) are lower than expected under steady-state exhumation. That is, if the observed soil depths of about 30 cm surrounding these samples are an indication of the soil thickness that covered FH-3 and 10 until their recent emergence as bedrock surfaces then Fig. 5 would suggest that rates between 35 and 40 m Myr À1 would be the inferred soil production rates.
Furthermore, as noted earlier, our assumption of steady state for calculating soil production rates is contrary to our model simulation of soil cover at FH (Fig. 10 ), which commenced with zero soil cover and reasonably predicted observed depths after 10,000 years (Fig. 11) . Because the best match between predicted and observed soil depths is reached prior to the spatial variation of soil depth reaching approximate steady state (at B20,000 years), the modeling results suggest that the soil mantle is evolving and adjusting to the site topography. If this is the case and the observed soil depths have not been relatively constant for the exposure history of our saprolite samples, then our inferred soil production rates are likely to be incorrectly modeled. Namely, we have assumed that the observed soil cover has dampened nuclide production rates for entire exposure history of the saprolite samples. If the soil thickness was thinner or nonexistent over the exposure history of the samples, then the actual nuclide production rates would have been higher and the inferred soil production rates would be higher by the solution to Eq. (2). If, however, the observed soil depths reflect an evolution from a period of rapid stripping and prior to that stripping the landscape was mantled with soil similar or greater than the present level, then the long-term nuclide production rates are likely to be similar to those reported here.
Rates given by our apparent soil production function for FH could be revised if the stripping history for the soil cover was better known, but is not possible from available data. Basin-average rates inferred from sand samples C and Riv (Fig. 5) suggest that the apparent denudation rates of the soil production function are too high, and therefore that the corrected nuclide production rates for the saprolite samples are too high. Modest stripping at the end of the Pleistocene would go some way to reconciling apparent rates from bedrock outcrops and saprolite samples. If steady-state denudation were punctuated by one meter of stripping between 25 and 20,000 years ago, a true pre-and post-event rate of 10 m Myr À1 would lead to an apparent rate of 22 m Myr À1 , for example. The slope of the fitted line in Fig. 5 would be lowered, as would the extrapolated zero soil-depth production rate. Calculated values for soil production rates would be reduced further if the regenerating soil were known to have increased in depth after the stripping event. Collectively, these factors would reduce the differences between the apparent soil production rates and the rates given by sand samples C and Riv.
One line of evidence that may show at least one period of elevated erosion, or rejuvenation, acting across the landscape is suggested by the knickpoints evident in the Bredbo River long profile, upstream of the field area (Fig. 1) . Knickpoints in both upstream branches of the Bredbo occur at the same distance and do not reflect any local lithological variation in the underlying granite. Although we have no age constraint on when this knickpoint is likely to have propagated up the Bredbo, it is reasonable to suggest that its propagation through the field area could have sent a pulse of incision into the differentially weathered landscape and resulted in the formation of the FH sub-catchment. Higher erosion rates driven by the sudden drop in local base level began stripping the saprolite and the corestones emerged as tors. The soil production rates measured from the saprolite may indicate that the catchment is still responding to such a pulse of incision.
Best-estimates of Late Quaternary rates at Frogs Hollow
A catchment average denudation rate can be derived by summing the apparent rates calculated by the soil production function across the landscape, including the proportional contribution of exposed tors, duly taking soil depth into account at each point. Using the apparent soil production function (Eq. (5)), combined with observed soil depths leads to estimating an average rate of 25-35 m Myr À1 for the catchment, which almost certainly is too high owing to the factors discussed above (i.e. the stripping episodes). Conversely, the bedrock incision rate of about 9 m Myr À1 from the Bredbo is likely to be lower than the average rate from a catchment responding to knickpoint propagation. The average rate by the sand sample, Riv (15 m Myr À1 ) may be somewhat low, owing to potential nuclide production during transport from soil to river, but it is unlikely that transport time for the catchment sediment, C (16 m Myr À1 ), was significant. We conclude that the basin average rate for FH is in the range 
15-25 m Myr
À1 , reflecting the lower bound of the soil production rates and favoring the average rate inferred from the sand samples.
This result clearly applies only for the Late Quaternary Period. At 15-25 m Myr À1 , the observed soil cover could be generated in less than 30,000 years (our modeling based on the higher rates of our apparent soil production function indicated generation of the soil mantle in 10,000 years). Late Quaternary denudation rates may have been periglacially accelerated, however, and rate estimates over longer periods are desirable. The tor profile data can be used for this purpose. Nuclide data from a tor profile indicate that the entire 2.5 m tor was exposed 150,000 or more years ago. Although the tor represents stepwise rather than uniform denudation, in terms of averages the result indicates a rate of about 17 m Myr À1 (2.5 m/0.15 Myr). This estimate is from only one point, but does not conflict with the uppermost Quaternary range of 15-25 m Myr À1 , which we conclude is a representative rate of landscape denudation at FH for the last 30,000 and perhaps the last 150,000 years. We also conclude that denudation rates fluctuated through cycles of stripping and soil regeneration.
The changing pace of landscape evolution
Late Quaternary rates reported here are more rapid than rates estimated for southeast Australian highlands over longer timescales. Stephenson and Lambeck (1985) and Lambeck and Stephenson (1986) argued that the southeastern highlands have evolved since the Palaeozoic and showed that long-term erosion rates of 1-5 m Myr À1 were consistent with isostatically-driven development of the highlands. Slow rates of Tertiary channel erosion were deduced for the southeastern highlands by several studies that divided the age of plateau-forming basalts into the elevation difference between the flows and the channels that had incised through them (Wellman and McDougall, 1974; Wellman, 1979 Wellman, , 1987 Bishop, 1985 Bishop, , 1986 Bishop et al., 1985) . Calculated rates from these studies were less than 10 m Myr À1 , although these are a minimum due to unmeasured erosion of the basalt surfaces. Apatite fission track thermochronology from the southeastern highlands suggests rapid uplift and erosion in the Cretaceous Period, associated with Tasman Sea rifting, and that present morphologies were established about 60 Myr ago (e.g. Dumitru et al., 1991; Brown et al., 1994; O'Sullivan et al., 1995 O'Sullivan et al., , 1996 . On a shorter time scale, Seidl et al. (1996) and Seidl (1997, 1998 ) used a mass balance approach and cosmogenic nuclide measurements to determine denudation rates near the eastern margin of the New England tablelands. They found low rates of erosion from the highland region (B4 m Myr À1 ). Higher rates were measured near the upper edge of the escarpment (B20 m Myr À1 ) and across the gorge head (B100 m Myr À1 ), although processes at these steep gorge sites are not comparable with those of the highlands proper.
In conclusion, results from several independent approaches reported here suggest that landscape denudation of the southeastern highlands accelerated in upper Quaternary times (15-25 m Myr À1 compared to Tertiary rates of less than 10 m Myr À1 ). If this is indeed the case, then the 15-25 m Myr À1 denudation rates of the uplands are significantly higher than the average stream incision rate of 9 m Myr À1 , and would suggest that the highlands are in a state of downwearing (cf Davis, 1899) at least since upper Quaternary times. Finally, the soil stripping phases suggested by the tor data are likely to have occurred repeatedly during this time, but probably correspond to times of periglacially accelerated denudation, or to drops in catchment baselevel associated with knickpoint propagation. Data from the single tor profile indicates that a significant stripping phase may have occurred about 150,000 years ago that was more dramatic than any similar process within the last glacial cycle. It appears more than coincidence that this inference corresponds with the major phase of aeolian erosion of 180-140,000 years ago, documented from Tasman Sea cores (Hesse, 1994) , which exceeded in duration and intensity the denudation records from the last glacial cycle. We also find, using a numerical model to reasonably predict the spatial variation of soil depth developed after 10,000 years, that the landscape might be recovering from a relatively recent period of stripping.
Summary
Cosmogenic nuclide concentrations in saprolite beneath a spatially variable soil cover infer soil production rates from 11 to 50 m Ma À1 and suggest a steep, negative exponential soil production function. While these rates are similar to those from a very different site on the coastal lowlands, they are higher than rates suggested by others for the highlands. Nuclide concentrations from a profile of tor samples are best interpreted to show evidence for a period of rapid denudation at least 150,000 years ago and infer a rate of about 4 m Ma À1 for the exposed bedrock. Furthermore, a numerical model predicts the partial emergence of tors and the development of the observed soil mantle after only 10,000 years, suggesting the potential for a more recent period of stripping. Bedrock incision rates determined from samples of the Bredbo River bed are about 9 m Ma À1 , lower than the catchment-averaged rates of about 16 m Ma À1 , inferred from nuclide concentrations measured in sediments, but similar to long-term rates found by others. We conclude that the upland erosion rates of about 15-25 m Myr À1 are in response to periods of accelerated erosion and that the landscape is slowly adjusting towards a new steady-state.
